Abstract: Silvopasture practices are being advocated as a means of maintaining pine forest acreage in the southeast United States; however, scientific data on the design and management for optimum tree growth are lacking. Studies were conducted near Booneville AR to determine the effects of weed control, irrigation, soil fertilization and protection from cattle grazing on the establishment of loblolly pines (Pinus taeda L.). Pine seedling growth during the first year after planting was increased significantly by weed control in a factorial experiment in which pre-plant fertilization, irrigation and weed control were treatments. In a follow-up experiment, first-year pine regeneration was increased by a high level of weed control. Pine seedling survival and growth up to 21 months after transplanting were significantly reduced when seedlings were planted into pastures grazed continuously by cattle. These results demonstrate the need for regulated grazing systems during pine regeneration and establishment of silvopastures and that pine growth is best when competing vegetation is minimal.
INTRODUCTION
The future for pine based forest lands in the southeast United States remains promising [1] . A lack of increases in federal cost share programs for pine tree planting and higher establishment costs may deter private landowners from planting pine forests at the rate that was observed in the previous 20 to 30 years. These conditions, however, may increase the attractiveness of converting pasturelands into silvopastures. Cost share programs for agroforestry plantings can provide alternatives to forestry based programs. Fewer trees planted per land area for agroforestry practices will partially offset rising establishment costs. In addition, establishment of agroforestry practices, specifically silvopastures, may have other benefits, like increased wildlife habitat, that will make their adoption more appealing. Recent economic analyses indicate that the profitability of silvopasture systems in the southeast United States is similar to other land uses [2] , but has greater potential for income from hunting leases than traditional forestry planting. Other analyses indicate that income from the tree component of the silvopasture practice contributes more to the profitability of the operation than the cattle component [3, 4] , although the cattle component provides annual income. These results suggest that the profitability of silvopasture for the soils and climate of the southeastern United States is greatest when the management practice favor the production of the tree component.
The success of a silvopasture practice is in part determined by the ability of the trees to establish on the site. Tree establishment is influenced by the competitiveness of the introduced tree species for nutrients, water and light. Newly planted trees may have insufficient solar irradiation for optimum growth when either planted into partially deforested landscapes or when competing herbaceous weeds are taller than the trees. After trees have become established, it is more likely that growth in the understory will be limited by reduced solar irradiation. Burner and Belesky [5] found that solar irradiation limited the productivity of tall fescue (Lolium arundinaceum Schreb.) growing in the understory of loblolly pines (Pinus taeda L.) planted at 620 tree per ha. These authors concluded that silvopastures must be managed to provide sufficient solar irradiation for optimum understory growth. Competition for nutrients and water can be intense when planting trees into pastures, because of the perennial nature of pasture species and the persistence of seeds produced that have become adapted to the existing ecosystem. Competition between the planted trees, and existing and emerging vegetation can decrease tree survival, and growth.
There is an on-going debate as to whether soil nutrients or moisture is the most limiting resource affecting tree establishment. Adams et al. [6] and Davis et al. [7] investigating the effects of supplement irrigation on the success of tree establishment indicated that competition for soil moisture determined the success of tree establishment to a greater extent than competition for nutrients. Relatively fast growing hardwood tree species were utilized in both of these studies at locations in which potential evapotranspiration (ET o ) exceeded precipitation (PREC). Other researchers concluded that eliminating competing herbaceous weeds resulted in higher soil moisture [6] [7] [8] [9] and thus reduced the level of competition for soil moisture between establishing trees and other plant species. It seems likely that competition for soil moisture will occur during the establishment of trees into existing pastures in the southeast United States because there are periods during the year in which potential ET o exceeds PREC, and the water storage capacity of these soils tend to be low to moderate. Competing vegetation can be eliminated or reduced by mechanical cultivation procedures, application of herbicides installation of natural or synthetic mulches or ground coverings, sometimes generically referred to as weed mats [10] . Effective control of weeds by mats has been reported for the establishment of ornamental and hardwood plantings [11] . Use of weed mat to control understory vegetation has been advocated as an integral part of a "plant and walk-away" establishment protocol [12] . Weed mat has been used successfully to control competing understory vegetation in establishing pines [13] . This may be a cost effective means of controlling weeds in the establishment of pine silvopasture practices because of its low cost per unit [8] and the relatively low density of trees planted.
Further evidence that competition for soil moisture is an important factor in tree establishment comes from experiments in which soil fertility treatments are imposed in a factorial arrangement with treatments that affect soil moisture, i.e., weed control or irrigation. Growth response of trees to increasing soil fertility was observed only in those situations in which soil moisture deficiencies were prevented or reduced [14] [15] [16] , suggesting that competition for moisture tended to be more important than competition for nutrients.
Determining when to commence grazing is a major management decision when establishing a silvopasture practice. Lewis et al. [17] reported little impact of grazing on tree survival and growth if grazing was delayed 3 to 5 years after planting. However, many cattle producers in the southeast United States may not be able to delay grazing because farm herd size is close to the farm's capacity to produce forages. Research has indicated that 80 to 90 % of the forage can be harvested for hay production during the establishment period of pines [17] , thus providing an alternative means by which the forage could be utilized. A disadvantage of such an approach is feeding hay increases the expense of the cattle operation considerably. Relatively minor damage to pines was been observed when light rotational grazing by cattle was allowed [17] [18] [19] [20] [21] . Resistance of loblolly pines to damage from grazing may in part be due to a tap root structure in young trees [22] , which provide firm anchorage in the soil and a lack of spreading roots that could be damaged by trampling actions of hooves. Many cattle producers do not practice rotational grazing schemes because the required infrastructure is relatively expensive. Cattle ranchers that practice a continuous grazing scheme and need the bulk of the forage on their farms to maintain cattle herd size need alternative techniques to establish silvopasture practices. Objectives of this study were to determine the effects of: weed control, irrigation, soil fertilization and treatments to prevent damage by cattle under a continuous grazing scheme.
MATERIALS AND METHODS
Site Characteristics. Experiments were conducted on the Dale Bumpers Small Farms Research Center, located about 6 km southwest of Booneville, Arkansas, United States (approximately N35.10 W94.00). The research center is located in a broad valley at an elevation of 130 m above sea level bordered by ridges that are the southern edge of the Boston Mountains. Annual PREC is approximately 1020 mm. High air temperature and low rainfall typically result in soil moisture deficient for several weeks to months in late summer and early fall. Soils in these studies were either Leadvale (Fine-silty, siliceous, semiactive, thermic Typic Fragiudults) or Enders (Fine, mixed, active, thermic Typic Hapludults) silt loam [23] . One difference between these two soil series is that the Enders silt loam tends to occur on more upland locations and lacks a fragipan, while the subsoil fragipan of the Leadvale silt loam can lead to waterlogging during wetter periods of the year. The regional deer population is relatively low; so damage from deer (Odocoileus virginianus) rubbing and herbivory is rare (data not shown). Improved loblolly seedling trees were obtained from the Arkansas Forestry Commission and selected for uniform height (20 + 2 cm from trunk/root interface to apical meristem) and the occurrence of dominant terminal bud prior to planting for the three experiments described below. Selection for uniformity in height resulted in no statistical difference in tree height when measured immediately after planting in Experiments 1 and 2 (data not shown). Experiment 1. Effects of weed control, irrigation and soil fertility on pine establishment. An experiment was conducted with a factorial design to determine the effects of preplant fertilization, supplemental irrigation and two levels of weed control. Half the trees received pre-plant fertilization, consisting of two packets (10 g of 16-6-8) of Right Start Fertilizer ®1 (Treessentials Company, Mendota Heights, MN) placed at the bottom of the hole prior to tree planting. Half the trees received supplemental irrigation by drip irrigation (one emitter delivering 3.8 liters per hour for 8 h) if PREC was less than 25 mm in the previous 7 days. This rate of irrigation was chosen to supply approximately 25 mm of water assuming a rooting diameter of 1 m. Two levels of weed control were imposed. The low level of weed control was accomplished by spraying over the top with Oust ® (sulfometuron methyl, 0.2 kg active ingredient per ha) twice during the growing season (April to October). A high level of weed control was accomplished by using a landscape mat (0.7 x 0.7 m, DeWitt Pro5 Weed Barrier, Hummert International, Inc.) in addition to the Oust ® applications. Common bermudagrass (Cynodon dactylon (L.) Pers.) was the plant species targeted for control by the herbicide application, because it was the dominant competing vegetation.
Herbicide (Oust ® , 0.2 kg active ingredient per ha) was applied in a strip 1.2 m wide according to its label about two weeks prior to planting. Trees were planted by placing seedings into an augered hole, 0.6 m in depth and 0.3 m in diameter on April 6, 2001 in the middle of the strip to which herbicide had been applied and refilling the hole with the excavated soil. A visual inspection of the amount of competing vegetation in the area adjacent to trees was performed every two weeks. Bare ground or dead plant material occupied at least 85% of the surface area within 2 m of each tree over the growing season in the low weed control treatment ( Fig. 1) . Virtually all (>95 %) of the surface area within 2 m of each tree was bare ground, dead plant material or landscape mat in the high weed control treatment (Fig. 1) . A plot consisted of three trees. There were five replications of eight treatment combinations.
Tree height was measured as the distance from the ground to the apical meristem just after planting, July 2001 and March 2002. Immediately after measuring tree height in March 2002, aerial portion of the tree was harvested by clipping the trunk at ground level and above ground tree fresh weight was then measured. Tree fresh weight data were subjected to analysis of variance using PROC GLM of SAS [24] and a factorial design (2 levels each of weed control, irrigation and pre-planting fertilizer). Tree height data from the three dates were subjected to analysis of variance using PROC GLM [24] and a split plot design in which time after planting was the main plot and the factorial factors of weed control, irrigation and fertilization were the sub-plots. Least square means and standard errors (LSSE) were used for mean comparisons. Experiment 2. Effects of weed control on loblolly seedling growth. A second experiment was conducted in 2002 to verify the effects of weed control on loblolly seedling growth. Site preparation was as above and the same field was utilized. Seedlings trees were planted into augered holes on April 2, 2002. Three weed control treatments were imposed, two being identical to those described above. For the third weed control treatment, the area within 30 cm of the tree seedling was covered to a depth of 10 cm with compost produced from logs that had been used to produce shiitake mushrooms as described by Kimmons et al. [25] immediately after tree planting, and Oust ® was applied as in the other two treatments. Heavy rain showers soon after planting disturbed the integrity of the compost mat and no remediation actions were taken. Data collection was as in the first experiment except that survival and tree height were determined on April 3, June 11 and September 12, 2002, and tree fresh weight on September 12, 2002. Experimental design and statistical analyses were as for the first experiment except the number of replications was six. Experiment 3. Protection from grazing experiment. Approximately two weeks prior to planting loblolly pine trees, a strip 1 m wide was sprayed with Oust ® (0.2 kg of active ingredient per ha). Loblolly pine seedling trees were machineplanted into the middle of the Oust ® treated strips at 1.2 x 4.9 m spacing in four tall fescue and four bermudagrass pastures between March 16 and 18, 1992. Oust ® applications were repeated annually in June. Pastures were grazed year around by Brahman influenced beef cows and their calves. During the winter months supplemental hay was provided when forage availability was insufficient to maintain cows in good condition. Average calving date was middle of March and weaning occurred within 2 weeks of October 1. Forage utilization by grazing cattle averaged approximately 50% over the calendar year [26] . Nine rows of trees (45 m in length) were planted per pasture. The nine rows represented three replications of three tree protection treatments. The tree protection treatments were: 1) open grazing, i.e. no tree protection; 2) a single-wire electric fence directly over the newly planted pine seedling row; and 3) electric fence enclosure extending 0.7 to 0.9 m from both sides and ends of the pine seedling row. Total area planted to pines was approximately 0.2 ha within 17 ha pasture. Trees survival was determined 3, 10, 15 and 21 months after transplanting and tree height was determined after 10, 15 and 21 months. Data were averaged across trees within a treatment and sampling date per pasture. These means were then subjected to analysis of variance using a split-split plot design in which time after transplanting was the main plot, competing forage as the first split and tree protection treatment as the split-split plot [24] . Least square means and standard errors were used to compare means. Analysis of variance, means and LSSE were calculated using PROC GLM [24] . Between 2004 and 2007, meteorological data were recorded at 0.5-h intervals using a weather station (Model 900, Spectrum Technologies, Inc, Plainfield, IL). Daily reference ET o was calculated using the Penman-Monteith equation [27] which included air temperature, relative humidity, solar radiation ( = 300 to 1100 nm), wind speed, latitude, and elevation above sea level from PMmon software [28] . Data for ET o were collected at 1.5 m elevation, not 2 m as specified [27] .
RESULTS
Experiment 1. Effects of weed control, soil fertilization and irrigation on pine establishment. All loblolly pine seedlings were living 11 months after planting in the 2001-2002 study; thus, survival data were not subjected to statistical analyses. Analysis of variance indicated that the above ground fresh weight of seedling trees was significantly affected by the level of weed control, but not significantly affected by irrigation and soil fertilization, or any of the interactions among the three main factors ( Table 1) . Eleven months after planting, above ground tree fresh weight averaged 201.8 g for the high level of weed control compared to 92.8 g for the lower level of weed control (LSSE= 7.9 g) 11 months after planting. Similar results were found when tree height data were subjected to analysis of variance, except that months after transplanting significantly affected tree height in addition to the level of weed control (data not shown). Tree height was significantly greater three and 11 months after planting (June 2001) for those seedlings managed with the higher level of weed control (Fig. 2) . 
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Oust only
Oust plus weed mat Fig. (2) . Effects of two levels of weed control (Oust only and Oust plus weed mat) on loblolly tree height (Experiment 1). Data were averaged across 2 levels of irrigation and 2 levels of soil fertilization. Data symbols are greater than the least square standard error of the mean (LSSE = 0.011 m).
Experiment 2. Effects of weed control on loblolly seedling growth. The second experiment conducted in 2002 verified the effects of weed control on loblolly tree establishment. Aboveground fresh weight of loblolly seedling trees harvested six months after planting was significantly affected by weed control treatments ( Table 2) . Tree fresh weight when competing weeds were controlled by the weed mat and two applications of herbicide averaged 220.1 g compared to 56.8 g for seedlings in which herbicide applications were the only form of weed control (LSSE = 33.4 g). Tree weight for the treatment in which weed control was provided by compost and herbicide was intermediate, averaging 92.6 g. Tree survival was affected by months after planting, weed control treatment and the interaction among weed control treatment and months after planting ( Table 3) . Tree height was affected by the main effects (months after planting and weed control treatments) but not by the months after planting x weed control treatment interaction. Tree survival was 100% in June for all three treatments. Tree survival remained at 100% for the treatment in which chemical weed control was supplemented with the weed mat. However by September, tree survival declined significantly in the other two treatments, averaged 44.5% for trees receiving only chemical weed control and 55.3% for those in which weed control included compost mulching and application of chemicals (LSSE= 8.2%). The effects of weed control treatment on tree height were different compared to tree survival. By June, differences in tree height among the three weed control treatments were already significant (Fig. 3) . Although differences in tree height in September among the weed control treatments were less than that for tree fresh weight, tree height was a more precise measurement. Thus, both mulching treatments were similarly successful. The difference between calculated ET o and PREC was negative by July in both years (Fig. 5) Experiment 3. Protection from grazing. Two treatments to protect trees from grazing damage were compared to no protection. These treatments were: 1) exclusion of cattle by a fence; and 2) uspending a strand of electric wire above the tree rows. Tree survival and height were affected by the main effects of time after transplanting, competing forage and tree protection treatment (Table 4 ). In addition, there were significant interactions among most of the main effect factors. Very few trees survived in pastures where no protection was provided (Fig. 6) . Those trees that did survived had no change in tree height between 10 and 21 months after transplanting (Fig. 7) . A single strand of electric fence above the tree increased survival markedly over that of no protective treatment (Fig. 6) ; however, tree height was not significantly different from that of no protection (Fig. 7) . Both tree survival and tree height were greatest, when grazing was prevented by a fence enclosure.
Tree survival and height were greater when the competing vegetation was bermudagrass as compared to those when the competing vegetation was tall fescue when protection from grazing was provided. For example, tree survival in fenced enclosures was 79.3% 21 months after transplanting in bermudagrass compared to 54.7% for those planted in tall fescue sod (LSSE = 5.5% ). Similarly, tree height was 1.95 m 21 months after transplanting into bermudagrass sod when cattle grazing was excluded by a fence enclosure compared to 1.22 m when planted into tall fescue sod (LSSE = 0.07 m). When trees were protected by a single strand of electrified wire and planted into a bermudagrass sod, tree height increased from 0.28 m 10 months after transplanting to 0.40 m 21 months afterwards. When trees were protected by a single strand of electrified wire and planted into a tall fescue sod, tree height did not change between 10 and 21 months after transplanting, averaging 0.20 m at both dates (LSSE = 0.07 m). Fig. (6) . Effects of tree protection treatments over time after transplanting on loblolly pine tree survival (Experiment 3). Trees were not protected from grazing cattle or protected from grazing by either a single strand of electrified wire suspended above the tree or an electric fence enclosure. LSSE for comparing means is 3.9 %.
DISCUSSION
Results from the first two experiments identified adequate weed control as a critical management factor affecting loblolly pine tree seedling establishment (Tables 1-3; Figs. 2,  3) . In these two experiments there were substantial increases in tree survival and growth when the area immediately adjacent to the pine tree was kept devoid of competing vegetation. Weed control with herbicide only resulted in only sparse competing vegetation during the growing season (Fig.  1) . However, even low levels of competing vegetation significantly reduced tree height and fresh weight (Figs. 2, 3) . Fig. (7) . Effects of tree protection treatments over time after transplanting on loblolly pine tree height (Experiment 3). Trees were not protected from grazing cattle or protected from grazing by either a single strand of electrified wire suspended above the tree or a fence enclosure. LSSE for comparing means is 0.05 m.
There was a significant difference in the results between the two studies. Only tree growth was affected by weed control treatments in the 2001(Experiment 1) with tree survival being high in all treatments, whereas weed control treatments in the 2002 study (Experiment 2) affected both tree survival and growth. This study demonstrated that both survival and growth can be adversely affected by competing vegetation. Differences in estimated ET o and PREC during the 2001 and 2002 growing seasons were analyzed to determine if differences in tree survival between the two studies were related to extent of soil moisture deficient during the summer. In both 2001 and 2002, cumulative difference between estimated ET o and PREC became negative during the summer and the magnitude of this difference increased as the summer progressed (Fig. 5) . These results are consistent with variation in soil moistures observed in a neighboring field in 2002 and 2003 [29] . However, the difference between estimated ET o and PREC became negative sooner in the grow- Irrigation was applied eight times to half of the trees in the 2001 study between July 1, 2001 and the middle of September. Each irrigation application was to supply approximately 25 mm of water to an estimated root zone extending 1 m from the trunk of the seedling tree. Thus, a total of 200 mm of irrigation water was applied during the growing season. This level of supplemental water appeared to be sufficient because it approximates the estimated cumulative difference between calculated ET o and PREC (Fig. 5) .
Loblolly pine seedling survival and growth in pastures was significantly reduced when protection from grazing was inadequate (Table 4 ; Figs. 6, 7) . Trees protected by single strand of electric fence had higher rates of survival than that of no protection, but height of the surviving trees was not different from trees having no protection from grazing. The pine regeneration plot occupied a small area in the continuously grazed, pasture. The grazing livestock seemed to be attracted to the added variety of vegetation in the Oust-treated planting rows in the otherwise pure grass stand in the pasture.
The level of damage to pine trees in this study was greater than that observed previously. This tree regenerationcattle grazing study on big bluestem (Andropogon gerardii Vitman) range in Louisiana examined slash pine (Pinus elliottii Engelm) survival, establishment, and growth under three cattle stocking rates-light, moderate, and heavy grazing intensities [19, 20] . Neither light nor moderate grazing by cattle (33% and 47% removal of the current year's forage growth, respectively) affected pine survival or establishment of planted or seeded pines by age 5 years on this slash pinebluestem range under a system of continuous grazing with yearly rotational-burning. However, heavy grazing (56% removal of the current year's forage growth) significantly reduced the density of planted pines by May of the initial planting year. These differences continued through tree age 18 years on the grazed and ungrazed plots. Survival of seeded pine stands was unaffected by heavy grazing through the study due to the high numbers of seedling established originally.
Another study in Louisiana regarding slash and loblolly pine regeneration was conducted where pines were planted in a 4.5-ha clover-grass paddock that provided supplemental nutrients to cattle during late-fall through early spring [21] . All other grazing by cattle was in the adjoining 320 ha of native bluestem (Andropogon and Schizachyrium species) range. Cattle were allowed in the supplemental paddock only 3 to 4 hours on Monday, Wednesday, and Friday mornings. Under these conditions, cattle grazed only small portions (about 17%) of the available forage with a substantial portion of the consumed forage being regrowth since the previous grazing period. The slash and loblolly pine plantings treatments included: (1) no protection from grazing, (2) a single electric wire above the pine row, and (3) no grazing (electric fence enclosure). In the absence of protection from grazing, tree damage during the first two years was slight, less than 10% of the trees. Tree survival and growth was the same when grazing immediately adjacent to the tree was prevented by suspending a single strand of electric fence above the tree row.
King et al. [18] presented a model for predicting damage to pine trees during the first year of establishment as a factor of the amount of forage removed by grazing. Their model predicted that pine damage should be minimal when less than half of the available forage was removed by grazing. In our study, ten months after planting, virtually all of the unprotected trees had died or had been killed and thus few remaining trees were less than half the height of those not subjected to grazing (Figs. 6, 7) . The forage utilization in the current study was approximate half [26] ; however, the pastures were subjected to continuous grazing, not rotational grazing as in the previous studies. The comparison between the studies suggests that loblolly trees are more likely to be damaged or die when planted into a pasture that is continuously grazed. Further research, however, is needed to substantiate this hypothesis.
CONCLUSION
Results from this study indicate the successful establishment of a pine silvopasture practice into an existing pasture requires at least two management practices. First, the environment adjacent to the trees needs to be devoid of competing vegetation for optimum tree survival and growth. Second, protection from cattle during the first two years after planting is needed for optimum tree production. This may mean either excluding cattle and harvesting hay for the first two growing season after planting, or practicing rotational grazing at light intensities to reduce pine seedling mortality and growth losses during stand establishment.
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